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Abstract 

 

The reaction of Br atoms with toluene was investigated by employing various quantum chemical 

methods and statistical rate theory calculations. Various composite methods such as CBS-QB3, 

G3 and G4 were used to obtain the energy profiles of the Br + toluene reaction. Further single-

point calculations of the stationary points were performed at the CCSD(T)/cc-pV(D,T)Z level of 

theory using B3LYP/cc-pVTZ and MP2/aug-cc-pVDZ optimized geometries. Our calculations 

revealed several reaction pathways in the potential energy surface of the Br + toluene reaction. 

However, the reaction pathway that abstracts hydrogen atoms from the methyl site of toluene was 

found to be energetically the most favorable. This reaction pathway appears to proceed via a 

complex forming mechanism, similar to that seen in the reactions of cyclic ethers with Br atoms. 

Our calculations reveal that the reaction of a Br atom with toluene proceeds exclusively via 

intermediate complexes in an overall endothermic addition-elimination mechanism. Based on the 

ab initio results, the standard enthalpies of formation of the product radicals and the rate 

coefficients for the relevant reaction pathways are computed. The calculated values of the enthalpy 

of formation are found to match excellently with the available literature data. Lowering the barrier 

height of hydrogen abstraction reaction at the methyl site by less than 4 kJ/mol, the calculated rate 

coefficients, kov. (T) = 1.36 × 10-23 T3.68 exp(-4.57 K/T) cm3 molecule-1 s-1, reproduced the 

experimental data excellently from 200 to 500 K. 
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1.  Introduction 

It was realized in the early 1970s that halogen atom chemistry was important for understanding 

atmospheric issues such as ozone depletion.1  By the 1980s it had become clear that bromine (Br) 

atom chemistry was important in ozone depletion events in the Arctic.2, 3 These observations 

sparked extensive research in the kinetics of halogen atom reactions which led to a large database 

of kinetic data for halogen atom reactions.4-7  In recent years, there have been several reviews of 

atmospheric halogen atom chemistry.8-11 Much of the work has focused on reactions of halogen 

atoms with hydrocarbons near ambient temperature and pressure. Interestingly, more attention has 

been paid to the reactions of atomic chlorine than to the reactions of atomic bromine despite its 

importance to atmospheric chemistry in the Arctic.  In fact, volatile organic compounds (VOCs)  

display a large variation in their reactivity towards Br atoms in contrast to their reactions with 

chlorine atoms (see Giri et al.12 and references cited therein). Therefore, it is important to have 

mechanistic information on the kinetics of reactions of atomic bromine with a wide variety of 

VOCs. Moreover, knowledge of the temperature-dependence of the rate coefficients of the 

reactions of Br with VOCs would enable applications over the range of temperatures encountered 

in the atmosphere. This would also permit a more detailed interpretation of the dynamics of the 

interaction of Br with an organic reactant. 

 

We have been engaged for several years to measure the temperature dependence of  reactions of 

atomic bromine with ethers12-17 to achieve some of these objectives. We selected ethers because 

these are widely used for industrial applications ranging from solvents to fuel additives and are, 

therefore, released into the atmosphere. Interpretation of the experimental results has been greatly 

enhanced by the application of computational chemistry which has allowed identification of the 

lowest energy reaction paths for the reactions.12-14  All reactions of Br that we studied had modest 
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activation energies. In general, the reactions of Br with the ethers were found to involve three 

stages. The initial interaction of Br with ethers is exothermic, barrierless formation of a loosely 

bound pre-reaction complex involving the ether oxygen atom. The second stage involves 

conversion of this pre-reaction complex to a pre-dissociation complex before eliminating HBr.  

This requires a significant energy barrier rising somewhat above the energy of the reactants. In the 

case of 1,4-dioxane, this stage requires two steps, each with an energy barrier. The extent to which 

the barrier in this second stage rises above the energy of the reactants is significantly reduced by 

the exothermicity of the formation of the initial adduct. The third stage is the barrierless elimination 

of HBr. The rate coefficients calculated from the potential energy surface results were in excellent 

agreement with the experimental results. In a complementary study, we measured the rate 

coefficients for the reactions of atomic chlorine with 1,4-dioxane.18  Once again, the computational 

results were in excellent agreement with the experimental results, and provided a convincing 

explanation for the lack of activation energy for the reaction of Cl with 1,4-dioxane. 

 

The success of our experimental and theoretical analysis of the reactions of Br with ethers 

encouraged us to extend this work to analyze the reaction of Br atoms with aromatic compounds.  

In an earlier study16, we found that the reaction of Br with ethylene produced very little HBr while 

the reactions of Br with 2-methyl propane, dimethyl ether and diethyl ether produced large yields 

of HBr. This led us to conclude that elimination of HBr from the bromoethyl free radical formed 

in the initial interaction of Br with ethylene is not energetically feasible compared to other possible 

fates such as the formation of 1,2-dibromoethane by reaction of this free radical with excess Br2. 

These observations motivated us to assess the importance of formation of an initial complex  

between an aromatic compound and Br.  
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Recently, we have measured the rate coefficients for the temperature dependence of the reactions 

of Cl with xylenes and toluene19 and Br with toluene15. The rate coefficients for these reactions 

did not show any statistically significant dependence on temperature. They were close to the 

collision limit,  ~10-10 cm3 molecule-1 s-1, and exhibited similar reactivity to that of the reactions 

of other VOCs with Cl atoms20,21. The reactions of Cl with xylenes yielded an average rate 

coefficient of (1.4±0.3)10-10 cm3 molecule-1 s-1 at 298 K, showing no dependence on xylene 

isomer, while the rate coefficient for the reaction of Cl with toluene was (5.0±0.6)10-11 cm3 

molecule-1 s-1.  Here, the difference in the reactivity of toluene and xylenes with Cl atoms stems 

from the difference in the statistical factor. This suggests that the barrierless addition of a Cl atom 

to VOCs in the entrance channel is the rate determining step. On the contrary, the reactions of Br 

with these aromatics display some variations in their reactivity.22 Such behavior may be largely 

due to the variation of the potential barrier of the inner transition states along the reaction pathway. 

There was evidence in the literature22 that the reaction of benzene with Br was unmeasurably slow, 

suggesting that the abstraction of a ring hydrogen was unimportant.  In our earlier experimental 

work,15 we found that the reaction of Br with toluene occurred with a conveniently measurable 

rate coefficient. This suggested that the bromine atom reacted primarily with the methyl 

hydrogens. Here, we apply computational chemistry methods to analyse the detailed dynamics of 

the reaction of Br with toluene to assess the importance of intermediate complexes in determining 

the kinetics of this reaction and to investigate the validity of our assessment that the abstraction of 

a methyl hydrogen atom is the dominant reaction path. 
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2. Computational Methods 

 

Structures and Energies. The potential energy surface (PES) describing the reaction of Br atoms 

with toluene was computed using composite methods (CBS-QB3, G3 and G4). More sophisticated 

thermochemical protocols such as Weizmann-1 and CBS-APNO are not applicable to 

Br-containing species due to the limitations in the basis sets. The structures of all species involved 

in the low-energy reaction pathways were reoptimized by applying the tight convergence criterion 

to the second-order  Møller–Plesset (MP2) 23 perturbation theory and Becke-3 Lee-Yang-Parr 

(B3LYP) functional24-26 using all electrons Dunning’s correlation-consistent double- ζ and triple- 

ζ basis sets27-30  for C, H and Br. The optimized structures were further characterized by normal 

mode analysis to distinguish their identity on the PES. The harmonic vibrational frequencies 

obtained at the MP2/aug-cc-pVDZ and B3LYP/cc-pVTZ levels of theory were scaled by a factor 

of 0.9615 and 0.967, respectively.31 The scaled vibrational frequencies were then used for 

calculation of thermodynamic properties and rate coefficients. The reliability of the calculated rate 

coefficients depends strongly upon the accuracy of the energy barriers. Therefore, the energetics 

of the minimum energy pathway of the toluene + Br reaction were further refined by performing 

single-point coupled-cluster calculations with single and double excitations including the 

perturbative treatment of triple excitations (CCSD(T))32-35 using the optimized geometries at the 

MP2/aug-cc-pVDZ and B3LYP/cc-pVTZ levels of theory. Using the asymptotic form suggested 

by Martin36 and by Dixon and Feller37, CCSD(T) energies were obtained by extrapolation to the 

complete basis-set limit (CBS): ECBS  = 𝐸𝑙𝑚𝑎𝑥
 – B/ (lmax + 1)4, where lmax is the maximum 

component of angular momentum in the cc-pVXZ basis set, and ECBS is the infinite basis-set 

energy. In this study, cc-pVXZ (X = D, T) basis sets were used, i.e., lmax = 2,3. ECBS, which can 

also be denoted as the  CCSD(T)/cc-pV(D,T)Z level of theory, should provide an accurate 
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energetic description of the Br atom reaction with toluene. The frozen core approximation was 

applied for all CCSD(T) calculations. To assess the contribution of higher excitations, T1 

diagnostics38 were computed. For toluene, the T1 value was found to be 0.01, whereas they were 

less than ~0.03 for all the open shell species suggesting that the chemical system investigated here 

is dominated by dynamical correlations.39,40 Therefore, single reference methods are adequate for 

an accurate energetic description of the Br + toluene reaction.  

 

All electronic structure calculations were performed by using the Gaussian 09 program package 

41. The results of the electronic structure calculations (derived molecular parameters, optimized 

geometrical parameters, thermochemical data in JANAF Table and NASA format) are compiled 

in Tables S1-S5 of Supplementary Materials (SM). The optimized geometric parameters for 

selected species are provided in Figure 1 and Table 1. The ab initio results were used to assess the 

importance of various reaction pathways in the PES of the Br + toluene reaction. The characteristic 

points of the PES were used to deduce the mechanism of the Br + toluene reaction. While mapping 

out the PES, intrinsic reaction coordinate (IRC) calculations42,43 were also performed at the  

MP2/aug-cc-pVDZ level of theory to ensure that the transition state (TSmethyl-abs) appropriately 

connects the intermediate complexes, the pre-reaction complex (RC) at the reactant side and the  

post-reaction complex (PC) at the products side.   
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Figure 1: Geometric parameters of selected species obtained at the MP2(full)/6-31G(d) level of 

theory within the G3 thermochemical protocol. TS, RC and PC stand for the transition state, pre-

reaction complex and post-reaction complex. The subscript identifies the transition state 

responsible for the undergoing chemical reaction of toluene + Br. 

 

 

Table 1: Equilibrium geometry of selected species obtained by employing five different quantum 

chemical methods. Bond lengths (r) and bond angles () are in Angstroms and degrees, 

respectively. ‡, in units of cm-1, is the imaginary frequency of the transition state for hydrogen 

abstraction from the methyl group (TSmethyl-side). 

Species → RC TSmethyl-abs PC 

Level of Theory   

r(Br-

C3) 

r(Br-

C4) 

 (C4-

C3-Br) 

r(C12-

H13) 

r(H13-

Br) 

 (C12-

H13-Br)  ‡  

r(C4-

H13) 

r(C3-

H13) 

r(H13-

Br) 

 (C3-

H13-Br) 

CBS-QB3 

(B3LYP/6-311G(2d,d,p)) 2.771 3.305 99.1 1.560 1.563 173.9 482 3.111 2.592 1.431 165.3 

G3 

(MP2(full)/6-31G(d)) 2.904 3.521 104.1 1.503 1.568 176.3 1579* 2.999 2.865 1.435 135.2 

G4 

(B3LYP/6-31G(2df,p)) 2.731 3.271 99.2 1.580 1.553 175.0 353 2.994 2.497 1.432 169.9 

MP2/aug-cc-pVDZ 2.787 2.806 76 1.439 1.581 176.4 877 2.594 2.407 1.431 162.4 

B3LYP/cc-pVTZ 2.765 2.306 99.4 1.542 1.571 174.6 527  3.769  3.476  1.431  145.7 

* The harmonic wavenumber was calculated at the HF/6-31G(d) level of theory within the G3 thermochemical 

protocol. 
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Equilibrium Constants and Rate Coefficient Calculations. Canonical transition state rate 

theory and statistical thermodynamics44-46  were employed to calculate the high-pressure limiting 

rate coefficients (k(T)) and equilibrium constants (K(T)) using Eq. 1 and Eq. 2, respectively: 

𝑘∞(𝑇) = 𝑛𝜅
𝑘𝐵𝑇

ℎ
 

(𝑄𝑖
‡/𝑉)

∏ (
𝑄𝑖

𝑉⁄ )𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

𝑒𝑥𝑝 (−
𝛥‡𝐸0

𝑘𝐵𝑇
)     

Eq. 1 

𝐾(𝑇) =
∏ (

𝑄𝑖
𝑉⁄ )𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

∏ (
𝑄𝑖

𝑉⁄ )𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 𝑒𝑥𝑝 (−
∆𝐻𝑟𝑥𝑛,0𝐾

0

𝑘𝐵𝑇
)     

Eq. 2 

where, 𝑄𝑖  denotes the molecular partition functions for the species i and ‡ identifies a transition 

state; E0 and 𝐻0 are the threshold energy (including zero point vibrational energy) and enthalpy 

of reaction at 0 K, respectively; V is the volume; kB is Boltzmann’s constant; h is Planck’s constant 

and R is the universal gas constant. Based on the molecular parameters obtained from quantum 

chemical calculations, rotational and vibrational partition functions were calculated using the rigid 

rotor-harmonic oscillator approximation except for low lying torsional modes. The electronic 

partition functions were set equal to 2 for the transition state and 4 for the Br atom arising from 

electron-spin splitting of 3685 cm-1. Due to spin-orbit coupling, the two quantum states of the Br 

atom ([Ar] 3d104s2 4p5), namely 2P3/2 and 2P1/2 with quantum weights of 4 and 2, respectively, 

differ by an energy of 3685 cm-1.47  In Eq. (1), the reaction path degeneracy (𝑛) is given by 𝑛 =

mTS×𝜎reactant

mreactant×𝜎TS
. Here,   and m are the external symmetry numbers and the number of optical isomers 

of the reactant and the transition states, respectively.   is the transmission coefficient which takes 

into account tunneling effects through an asymmetric Eckart barrier. The temperature-dependent 

rate coefficients and equilibrium constants were computed using the THERMO tool of the 

MultiWell Master Equation Program Suite.48 



 10 

 

3. Results and Discussion 

 

Potential Energy Surface and Thermodynamic Properties.  

 

 

 
 

Figure 2: Zero-point energy corrected potential energy surface for the toluene + Br reaction. The 

relative energies are computed at the CBS-QB3, G3, G4, CCSD(T)/cc-pV(D,T)Z//MP2/aug-cc-

pVDZ CCSD(T)/cc-pV(D,T)Z//B3LYP/cc-pVTZ levels of theory from top to bottom, 

respectively. The relative energies of TSpara, TSmeta and TSortho are computed at G3 level of theory 

(see text for explanation). 

 

 

Unlike Cl atoms, Br atoms display a substantial variation in reactivity with the nature of the 

VOCs.12-14 Giri et al.12 have shown that the reaction kinetics of Br atoms with VOCs can be 

difficult to predict as their chemistry is quite complex and often takes place via several elementary 

steps. For the reactions of Br with VOCs, a large variation in the enthalpy of activation and entropy 

of activation is observed (see Giri et al.15). Such variation mainly stems from the structural 

differences in the transition states of the reactions of Br atoms with structurally similar VOCs. In 

view of the complexity of the reaction, the potential energy surface (PES) of the Br atom reaction 

with toluene (C6H5CH3) was mapped out at various levels of theory. Figure 2 depicts the computed 



 11 

PES showing various reaction pathways of the Br + C6H5CH3 reaction. As can be seen, there are 

several plausible pathways for the reaction of Br atoms with C6H5CH3. The most energetically 

feasible pathway occurs via complex formation at both the entrance and exit channels to eventually 

release HBr in an overall endothermic process (except at the CBS-QB3 level of theory where 

Hrxn,0 K = -6.4 kJ/mol).  This is similar to the behavior seen in the reactions of Br with cyclic 

ethers12-14 and with CH3OH49.  

 

At the entrance channel, the Br atom forms a  pre-reaction complex (RC) with C6H5CH3 via a 

barrierless process. The relative stability of RC depends upon the level of theory used. CBS-QB3 

predicts the highest stability of RC (29 kJ/mol lower than the reactants). However, CBS-QB3 does 

not seem to perform well for a reliable energetic picture of the present system. The CBS-QB3 level 

of theory predicts the reaction of Br atoms with toluene to be exothermic (Hrxn, 0 K = -6.4 kJ/mol). 

According to the highly accurate Ruscic’s Active Thermochemical Tables (AcTc)50, this reaction, 

in fact, is an endothermic reaction [Hrxn, 0 K = (10.740.53) kJ/mol]. The relative energies 

computed at CBS-QB3 level of theory show large deviations as compared to other levels of theory 

(see Figure 2). Overall, CBS-QB3 performs poorly. Therefore, subsequent discussion does not 

include CBS-QB3 energetics. The stability of the pre-reaction complex is found to be (21.1  1.7) 

kJ/mol relative to the reactants where the quoted uncertainty is one standard deviation. Similar 

stability of the pre-reaction complexes was observed for Br atom reactions with ethers.12-14 As we 

will justify later, the relative stability of the pre-reaciton complex does not alter the kinetics of the 

toluene + Br reaction. For reliable kinetics, the relative position of the transition state (TSmethyl-abs) 

is the most crucial.  

 



 12 

The reaction complex (RC) undergoes rearrangement via TSmethyl-abs to form a post reaction 

complex (PC) which eventually liberates HBr to produce a benzyl radical (C6H5CH2). 

Unfortunately, the predicted barrier heights (ΔE0) of TSmethyl-abs show a strong dependence on the 

quantum method used. For example, G3 predicts the largest barrier height of 17.8 kJ/mol, whereas  

it is 7.0 kJ/mol at the CCSD(T)/cc-pV(D,T)//B3LYP/ cc-pVTZ level of theory. The predicted 

barrier heights from these two ab initio methods differ by 10.8 kJ/mol. In addition, the overall 

endothermicity of the reaction differs by ~9.5 kJ/mol. We assess the source of discrepancy by 

looking into the extent of spin contamination in the unrestricted version of the quantum method 

used here. Severe spin contamination may lead to poor geometry, anomalous vibrational 

frequencies and high reaction barriers.51 G3 appears to have suffered from spin contamination as 

the expected value of spin (<S2> = 1.156) is still high after the spin annihilation steps for TSmethyl-

abs. Note that G3 does geometry optimization and frequency calculations at the HF/6-31G(d) level 

of theory, then employs the MP2(full)//6-31G(d) level of theory to reoptimize the structure before 

embarking on the single point calculations. Therefore, MP2 optimized geometries may have been 

affected by spin contamination from higher spin states. An effective way of eliminating spin-

contamination is through the use of density functional theory (DFT). The DFT densities and 

energies are less affected by spin contamination than those of the corresponding unrestricted 

Hartee-Fock quantities.52-54 Note that G4 optimizes geometry at B3LYP/6-31G(2df,p), a hybrid 

DFT with 20% HF exchange, before several single-point energy calculations are carried out. The 

<S2> values were found to be 0.7503 and 0.7507 for TSmethyl-abs and C6H4CH2, respectively. This 

indicates that the G4 method exhibits negligible spin contamination as expected.  
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Benchmarking against the most accurate ATcT database, G4 performs the best among the quantum 

methods used. For example, G4 predicts the endothermicity of the reaction (toluene + Br  benzyl 

+ HBr) to be 10.9 kJ/mol at 0 K which excellently agrees with that from ATcT [ΔrnxH0 K = 

(10.740.53) kJ/mol]. The G4 enthalpy of formation of toluene and the benzyl radical at 0 K, using 

the atomization scheme, yields Δf,0KH0  = 73.7 kJ/mol and 228.8 kJ/mol, respectively. As can be 

seen in Table 2, these values agree excellently with ATcT values of Δf,0KH0  = 73.29± 0.34 kJ/mol 

for toluene and 229.9  ± 0.6 kJ/mol for the benzyl radical.  Moreover, the G4 value of Hf, 0 K for 

the benzyl radical agrees excellently with that of Hippler et al.55 [Hf, 0 K (benzyl)]= (229.0 4.0) 

kJ/mol] and Luo et al.56 [Hf, 0 K (benzyl)]= (226.6 1.7) kJ/mol]. Table 2 lists the standard 

enthalpy of formation of the product radicals of the toluene + Br reaction obtained by using 

atomization and isodesmic reaction schemes.  

 

As seen in Table 2, the combination of the trio methods (G4/G3/CBS-APNO) yields Hf, 0 K 

(benzyl)= (227.7 5.3) kJ/mol which compares excellently with the literature data and also with  

that obtained from the isodesmic reaction schemes. Despite the spin contamination issue discussed 

earlier, the G3 values for the formation enthalpy agree nicely with those of the isodesmic schemes, 

the mean of the G4/G3/CBS-APNO trio, and ATcT for the benzyl radical, within the chemical 

accuracy of these composite methods.57,58 Moreover, the G3 value of 10.8 kJ/mole for the enthalpy 

of reaction matches excellently with the ATcT value of ΔrnxH0 K [(10.740.53) kJ/mol]. This 

indicates that G3 data are not too severly affected by spin contamination. Therefore, there is no 

need to exclude the G3 data when evaluating the thermochemical quantities and kinetic data. With 

an adjustment of <4 kJ/mol in the barrier height, all the methods employed here performed well 

by capturing the experimental kinetic data satisfactorily as discussed below.  
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Table 2: Comparison of the computed values for the standard enthalpy of formation of product 

radicals using atomization scheme and isodesmic reactions. Our values of the formation enthalpy 

of the benzyl radical is compared with the available data from the highly accurate ATcT database. 

The units are in kJ/mol. 

  G4 G3 CBS-APNO Mean(±1𝛔) Isodesmic ATcT 

Species ΔfH0  ΔfH298  ΔfH0  ΔfH298  ΔfH0  ΔfH298  ΔfH0  ΔfH298  ΔfH0  ΔfH298  ΔfH0  ΔfH298  

benzyl 228.8 209.4 232.4 213.9 221.9 202.9 227.7±5.3 212.3±5.5 229.2±0.4 209.2±0.4 229.9±0.6 211.1±0.6 

2- or 3-

methyl-

phenyl 321.2 303.2 331.7 314.5 322.7 305.1 325.2±5.7 303.2±6.0 323.2±0.4 304.3±0.4 --- --- 

4-methyl-

phenyl 323.5 305.5 333.9 316.8 325.0 307.4 327.5±5.6 305.5±6.0 325.5±0.4 306.7±0.4 --- --- 

 

The MP2/aug-cc-pVDZ optimized geometry of the TSmethyl-abs reveals that the formation of the 

transition state occurs too early in the reaction. MP2/aug-cc-pVDZ predicts the breaking of 

C12….H13 bond distance to be  ~1.43 Å whereas it is at least 1.500 Å at other levels of theory 

(see Table 1). Furthermore, the incoming Br atom is found to be somewhat farther from the 

hydrogen atom being abstracted at the MP2/aug-cc-pVDZ level of theory. For example, the new 

H13….Br bond is 1.581 Å and ~1.55 Å at the MP2/aug-cc-pVDZ and other levels of theory 

employed here, respectively. In all cases, the bond angle,   (C12….H13….Br), comes close to 

175. Therefore, the TSmethyl-abs optimized at the MP2/aug-cc-pVDZ level of theory reveals an early 

transition state having a character more like that of the reactants. As seen in Figure 2, TSmethyl-abs 

is the bottleneck of the overall process of hydrogen abstraction from the methyl group of toluene 

which takes place via a Br atom addition and HBr elimination mechanism in an overall 

endothermic process. For the hydrogen abstraction reaction at the methyl site, the reaction 

sequence (R1a-R1c) can be written as:  

C6H5CH3 + Br ⇋ RC (C6H5CH3….Br)  (R1a, R-1a)  

RC  PC (C6H5CH2….H-Br)   (R1b) 

PC  C6H5ĊH2 + HBr     (R1c)  
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One can argue that PC, instead of liberating HBr (reaction R1c), may undergo intramolecular 

rearrangement forming various isomers. One can further hypothesize that if these isomers land 

into deeper wells than PC, they may be stabilized under high pressure. In such a case, R1c would 

not be the only outlet of the reaction sequence (R1a-R1c). Intuitively, one can think of eight possible 

isomers after such an intramolecular rearrangement occurs. The formation of these isomers 

involves migration of HBr on the benzyl radical moiety via the reaction pathways (R1d-R1j). To 

assess the kinetic relevance of these reaction pathways, the structures of the isomers of PC were 

optimized at G3 level of theory. Here, only seven of the reaction pathways were found as the local 

minimum for 4-bromo-4-methylcyclohexa-2,5-dien-1-yl radical does not exist. Structures of the 

species are provided in Figure S1 of the Supplementary Material. For the seven pathways, the G3 

standard enthalpies of reaction at 0 K are provided below:  

PC  (6-bromocyclohexa-2,4-dien-1-yl)methyl  (R1d)     

Hrxn, 0 K = 36.3 kJ/mol 

 (6-bromocyclohexa-1,3-dien-1-yl)methyl  (R1e)     

Hrxn, 0 K = 41.9 kJ/mol 

 4-(bromomethyl)cyclohexa-2,5-dien-1-yl  (R1f)     

Hrxn, 0 K = 42.7 kJ/mol 

 (5-bromocyclohexa-1,3-dien-1-yl)methyl  (R1g)     

Hrxn, 0 K = 62.6 kJ/mol 

 (4-bromocyclohexa-1,3-dien-1-yl)methyl  (R1h)     

Hrxn, 0 K = 68.2 kJ/mol 

 (1-bromocyclohexa-2,4-dien-1-yl)methyl  (R1i)     

Hrxn, 0 K = 115.7 kJ/mol 
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 (6-bromocyclohexa-2,4-dien-1-yl)methyl  (R1j)     

Hrxn, 0 K = 135.8 kJ/mol 

Among these channels, even the lowest lying endothermic reaction (R1d) is significantly more 

endothermic than R1c [Hrxn, 0 K(PC  Benzyl + HBr) < 17.6 kJ/mol]. Moreover, one can 

envision that these reactions (R1d-R1j) require substantial intramolecular rearrangement and occur 

via energetically high-lying tight transition states. Therefore, these reactions are expected to be 

kinetically irrelevant. Additionally, PC occupies a shallower well than RC, and R1c being also a 

barrierless processs, PC will have a shorter life-time than RC. The estimated life-time of RC is in 

the order of picoseconds (see discussion below). For these reasons, reactions R1d-R1j originating 

from the PC well can be safely be ruled out.    

 

A hydrogen abstraction reaction may also take place at ortho-, meta- and para- ring hydrogen 

atoms of toluene, reactions R2-R4. These reactions are found to be highly endothermic (Hrxn, 0 K 

> 107  kJ/mol). The standard enthalpies of reaction (Hrxn, 0 K) given below are the averaged 

values obtained from the G3, G4 and CCSD(T)/cc-pV(D,T)// MP2/aug-cc-pVDZ levels of theory. 

C6H5CH3 + Br  2-methyl phenyl (Ċ6H4CH3) + HBr   (R2)   

Hrxn, 0 K = (107.1 3.4) kJ/mol 

 3-methyl phenyl (Ċ6H4CH3) + HBr   (R3)  

Hrxn, 0 K = (107.1 3.4) kJ/mol 

 4-methyl phenyl (Ċ6H4CH3) + HBr   (R4)  

Hrxn, 0 K = (109.2 3.4) kJ/mol 

The transition states corresponding to the ring hydrogen abstraction can only be located at the MP2 

level of theory within the G3 thermochemical protocol whereas the B3LYP level of theory fails 
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for all the basis sets studied here. Figure 1 shows the MP2(full)/6-31G(d) structures along with 

the relevant geometrical parameters of the transition states that are labeled as TSortho, TSmeta, TSpara 

to indicate the type of ring hydrogen atom being abstracted. The reaction routes via these transition 

states seem highly unlikely as the lowest lying transition state (TSortho) is 112.6 kJ/mol higher in 

energy than the reactants (see Figure 2). As stated, other levels of theory employed here could not 

locate the transition states corresponding to the ring hydrogen abstraction. It may be possible that 

the process of new H….Br bond formation and C….H bond breaking is happening synchronously 

(SN2 reaction) in a seemingly barrierless reaction. In a similar study of the Cl atom reaction with 

benzene or toluene, the authors59 could not locate the transition state for the ring hydrogen 

abstraction. As a result, they concluded that the ring hydrogen abstraction reactions are barrierless 

processes. Whether the reactions R2-R4 are barrierless or not, they seem highly unlikely to compete 

with the hydrogen abstraction reaction at the methyl site because R2-R4 are energetically very 

demanding channels.  

 

Further explorations of the additional reaction pathways were carried out at the G3 level of theory 

only. These reaction pathways include the substitution of a ring hydrogen atom or methyl group 

of toluene by a Br atom (reactions R5 – R8, not shown in Figure 2).  

C6H5CH3 + Br  C6H5Br + ĊH3     (R5)    Hrxn, 0 K = 74 kJ/mol 

 2-bromotoluene (C6H4BrCH3) + H   (R6)  Hrxn, 0 K = 113.2 kJ/mol 

 3-bromotoluene (C6H4BrCH3) + H   (R7)  Hrxn, 0 K = 115.1 kJ/mol 

4-bromotoluene (C6H4BrCH3) + H  (R8)  Hrxn, 0 K = 116.1 kJ/mol 

The substitution of a methyl group by a Br atom (reaction R5) is endothermic by 74 kJ/mol at 0 K. 

The corresponding transition state (TSmethyl-subs, see Figure 1) lies at an energy of 156.7 kJ/mol 
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higher than the reactants. Since the barrier height of R5 is very high, this channel is also expected 

to be kinetically irrelevant. For the reactions of ring hydrogen atom substitution (R6 – R8), the 

standard enthalpies of the reactions are found to be at least 113 kJ/mol, and their corresponding 

transition states are expected to lie even higher in energy according to the Bell-Evans-Polanyi 

principle. Therefore, one can speculate that these substitution reactions will also not have any 

kinetic significance.    

 

 

Kinetic Analysis and Reaction Rate Coefficients. The discussion in the preceding section 

suggests that the reaction of Br atoms with toluene proceeds exclusively by hydrogen abstraction 

at the methyl site via the reaction sequence (R1a-R1c) to yield HBr and a benzyl radical (C6H5CH2). 

For further confirmation, the rate coefficients for the ring hydrogen abstraction at the ortho-

position (R2) were calculated using Eq. 1. Note that the reaction is highly endothermic [Hrxn, 0 K 

= (107.1 3.4) kJ/mol] and proceeds via TSortho overcoming an energy barrier of 112.6 kJ/mol, 

obtained at the G3 level of theory. Even at 500 K, the rate coefficient was found to be extremely 

small (k2 ~10-24 cm3 molecule-1 s-1).  Such a slow reaction can not be observed in experiments. 

This conclusion is in line with the experimental observation of Bierback et al.22. Their kinetic 

investigations for the reaction of Br atoms with benzene were unsuccessful. They observed no 

detectable decay of benzene which allowed them to estimate an upper limit of the rate coefficient 

(kBr+benzene  5  10-16 cm3 molecule-1 s-1). These findings allow us to rule out all other remaining 

reaction pathways (R3-R8) because they are energetically even more demanding. For example, the 

methyl substitution reaction (R5) via TSmethyl-subs has to overcome a barrier height of 156.7 kJ/mol, 

making this channel kinetically highly unfavorable. Hence, the reaction of Br atoms with toluene 

takes place solely via an addition-elimination mechanism (reaction sequence R1a-R1c). 
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Our kinetic analysis now focuses on the reaction sequence (R1a-R1c) where the formation of an 

addition complex (RC) constitutes the intial step of a multistep mechanism of the Br + toluene 

reaction. Reaction R1b, which takes place via the tight transition state TSmethyl-abs, has the highest 

threshold energy along the path of the reaction sequence (R1a-R1c). One can expect that R-1a occurs 

much faster than R1b due to much higher entropy. This can be readily seen when one combines k1a 

~ 10-10 cm3 molecule-1 s-1 (collision limit for barrierless process) with the equilibrium constant K1a 

(300 K) ~ 10-21 cm3 molecule-1 to obtain k-1a ~ 1011 s-1. This value of k-1a is several orders of 

magnitude higher than k1b ~ 107 s-1 at 300 K. K1a and k1b are calculated using the parameters from 

G4 and/or CCSD(T)/cc-pV(D,T)//MP2/aug-cc-pVDZ (abbreviated as XPOL) levels of theory. 

Clearly, this is a pre-equilibrium case where the reactants and the pre-reaction complex (RC) 

equilibrate rapidly, and the equilibrium is virtually not affected by reaction 1b. Therefore, a pre-

equilibrium arises between the reactants and the addition complex (RC). In this scenario, the 

overall rate coefficient (k1,ov.) for the Br + toluene reaction can be given, with a reasonable 

approximation, by Eq. 3   

𝑘1,𝑜𝑣.(𝑇) =
𝑘1𝑎(𝑇)×𝑘1𝑏(𝑇)

𝑘−1𝑎(𝑇)+𝑘1𝑏(𝑇)
≅

𝑘1𝑎(𝑇)×𝑘1𝑏(𝑇)

𝑘−1𝑎(𝑇)
= 𝐾1𝑎(𝑇) × 𝑘1𝑏(𝑇)             

Eq. 3 

By combining Eq. 1, Eq. 2 and Eq. 3, the overall rate coefficient (k1,ov.) can be written as:  

 

𝑘1,𝑜𝑣.(𝑇) = 𝑛𝜅
𝑘𝐵𝑇

ℎ
 

(𝑄TS𝑚𝑒𝑡ℎ𝑦𝑙−𝑎𝑏𝑠

‡ /𝑉)

(𝑄Br/𝑉)(𝑄𝑡oluene/𝑉)
𝑒𝑥𝑝 [−

{𝐸(TS𝑚𝑒𝑡ℎ𝑦𝑙−𝑎𝑏𝑠) − [𝐸(Br) + 𝐸(toluene)]}

𝑘𝐵𝑇
] 

Eq. 4 

Interestingly, the addition complex (RC) does not appear in Eq. 4,  as if the reaction was a single-

step and RC had no kinetic relevance. However, the role of RC is implicitly embodied in the 
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quantum tunneling factor (). Its role may be critical at low temperatures where quantum tunneling 

becomes important. As the quantum tunneling factor depends upon the height and curvature of the 

reactive potential energy surface, the exclusion of the addition complex in the kinetic analysis may 

cause underprediction of the tunneling corrections. Therefore, Eq. 3 has been employed for the 

kinetic analyses to appropriately assess the tunneling correction.   

 

Using the energetics displayed in Figure 2 and the molecular parameters provided in the 

Supplementary Material (SM), values of k1, ov.(T) were computed. For these calculations, the low 

lying torsional modes for methyl rotors (e.g., 24 cm-1 for  C6H5CH3 and 82 cm-1 for RC at G4 level 

of theory) were treated as free and 1-D hindered rotors, respectively. The barrier height of the 

internal rotation (V0) of TSmethyl-abs, corresponding to the harmonic frequency of 492 cm-1 after a 

relaxed potential energy scan at the B3LYP/6-31+G(D,P) level of theory, was found to be 50 

kJ/mol (see Figure S2 of Supplementary Material). This vibrational mode of TSmethyl-abs can, 

therefore, be safely treated as a harmonic oscillator because V0 ≫ kbT. As can be seen in Figure 3, 

all the theoretical methods underpredict the experimental rate coefficients by at least a factor of 3. 

Note that the overall rate coefficients, k1, ov.(T), calculated by using CCSD(T)/cc-pV(D,T)// 

B3LYP/cc-pVTZ parameters are not included in Figure 3. Using CCSD(T)/cc-pV(D,T)// 

B3LYP/cc-pVTZ parameters, the values of k1, ov.(T) appear ~3 times larger than the experimental 

values. Interestingly, the values of k1, ov.(T) obtained using Eq. 3 and Eq. 4 (except that for G3 

energetics) are identical revealing that the the pre-reaction complex is too short-lived a species to 

have any significant kinetic relevance for the toluene + Br chemical system. G3 parameters appear 

to overestimate the tunneling correction as discussed further below. Above 298 K, the tunneling 

correction is unimportant. This conclusion may be extended to other aromatics + Br chemical 
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systems as well. However, the hydrogen abstraction reaction of toluene by OH radicals can be 

quite different. Here,  the pre-reaction complex was reported to play a crucial role in contributing 

to the tunneling correction.60  

 

Figure 3: Temperature dependence of the rate coefficients for the reaction of Br atoms with toluene 

(reaction R1). Blue and open circles are the experimental data from Giri et al.15 and Bierbach et 

al.22, respectively. Lines represent the theoretical rate coefficients which are obtained using the 

parameters from the various quantum chemical methods as specified in the figure legend. The blue 

line is the result of Eq. 3 using CCSD(T)/cc-pV(D,T)// MP2/aug-cc-pVDZ parameters and 

lowering the barrier height of the TSmethyl-abs by 2 kJ/mol.       

 

 

The relative energy of the TSmethyl-abs (∆𝐸0 = 12.4 kJ/mol) as predicted by CCSD(T)/cc-

pV(D,T)//MP2/aug-cc-pVDZ energetics comes close to capturing the experimental data. The 

barrier height at the CCSD(T)/cc-pV(D,T)//MP2/aug-cc-pVDZ level of theory is slightly lower 

than CCSD(T)/cc-pVTZ//MP2/aug-cc-pVDZ (∆𝐸0 = 13.5 kJ/mol). This implies that the 

extrapolation scheme using the cc-pVXZ (X = 3, 4) basis sets may improve the energy by further 

lowering of the barrier height to match the experimental results. However, such calculations are 

computationally very demanding. Here, we refer to the computational work of Deb and Sarkar 
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who assessed the performance of various quantum methods for understanding the oxidation 

behviour of the catechol + O3 reaction system.61 For such systems involving large aromatics, the 

authors reported that even the standard methods like CCSD(T)/CBS may fail to accurately capture 

the experimental results, owing to large errors in the energetics.   In the present case, a small 

correction of the barrier height from CCSD(T)/cc-pV(D,T)// MP2/aug-cc-pVDZ energetics, i.e., 

lowering of TSmethyl-abs by 2 kJ/mol [E(TSmethyl-abs) – E(reactants) = 10.4 kJ/mol at 0 K], gave rate 

coefficients that are in excellent agreement with the experimental values (blue solid line in Figure 

3). After the adjustment, the predicted rate coefficients compare nicely with the experimental data 

within the absolute average deviation of 7.7%. Similarly, a lowering of ~4 kJ/mol for the barrier 

height is also needed for G4 and G3 levels of theory to match the experimental rate coefficients, 

and the barrier height needs to be raised by ~3 kJ/mol for the CCSD(T)/cc-pV(D,T)// B3LYP/cc-

pVTZ level of theory. Again, we note that these adjustments of the barrier heights are within the 

chemical accuracy of the ab initio methods used here. The adjusted barrier height of 10.4 kJ/mol 

agrees closely with the enthalpy of activation (∆𝐻 
‡ = 10.8 kJ/mol) reported by Giri et al.15 who 

calculated the thermodynamic parameters from their experimental kinetic data. The calculated 

values of the equilibrium constant (K1a), rate coefficients (k1b) and overall rate coefficients 

[𝑘1,𝑜𝑣.(𝑇) = 𝐾1𝑎(𝑇) × 𝑘1𝑏(𝑇)] are provided in  

Table 3.  

Table 3: Calculated rate coefficients for hydrogen abstraction from toluene by Br atoms based on 

the parameters calculated at the CCSD(T)/cc-pV(D,T)Z//MP2/aug-cc-pVDZ, G4 and G3 levels of 

theory with lowering the corresponding barrier heights by 2, 4 and 4 kJ/mol, respectively.  The 

CCSD(T)/cc-pV(D,T)Z//MP2/aug-cc-pVDZ level of theory is abbreviated as XPOL. The units are 

in cm3, molecule, s. 

XPOL G4   G3   

T(K) K1a k1b k1,ov. K1a k1b k1,ov. 1* K1a k1b k1,ov. 2* 

200 1.22E-19 3.3E+04 4.1E-15 9.3E-20 1.9E+04 1.8E-15 0.44 1.7E-18 4.6E+03 7.9E-15 1.94 

225 2.70E-20 2.3E+05 6.1E-15 2.5E-20 1.4E+05 3.6E-15 0.59 5.3E-19 1.7E+04 8.8E-15 1.44 
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250 8.22E-21 1.1E+06 9.0E-15 9.0E-21 7.1E+05 6.3E-15 0.70 2.1E-19 5.0E+04 1.0E-14 1.11 

275 3.15E-21 4.1E+06 1.3E-14 3.9E-21 2.7E+06 1.0E-14 0.78 1.0E-19 1.3E+05 1.3E-14 1.01 

298 1.52E-21 1.1E+07 1.7E-14 2.1E-21 7.4E+06 1.5E-14 0.86 5.7E-20 2.9E+05 1.6E-14 0.92 

300 1.43E-21 1.2E+07 1.8E-14 2.0E-21 8.1E+06 1.6E-14 0.90 5.4E-20 3.1E+05 1.7E-14 0.95 

325 7.42E-22 3.3E+07 2.4E-14 1.1E-21 2.1E+07 2.4E-14 0.99 3.3E-20 6.6E+05 2.1E-14 0.87 

350 4.25E-22 7.5E+07 3.2E-14 7.0E-22 4.8E+07 3.3E-14 1.03 2.1E-20 1.3E+06 2.8E-14 0.88 

375 2.64E-22 1.6E+08 4.1E-14 4.7E-22 9.8E+07 4.6E-14 1.12 1.5E-20 2.4E+06 3.6E-14 0.87 

400 1.76E-22 3.0E+08 5.3E-14 3.3E-22 1.8E+08 6.1E-14 1.16 1.1E-20 4.2E+06 4.6E-14 0.88 

425 1.23E-22 5.3E+08 6.5E-14 2.4E-22 3.3E+08 7.9E-14 1.21 8.3E-21 7.0E+06 5.8E-14 0.89 

450 8.99E-23 8.9E+08 8.0E-14 1.9E-22 5.4E+08 1.0E-13 1.25 6.6E-21 1.1E+07 7.4E-14 0.92 

475 6.83E-23 1.4E+09 9.7E-14 1.5E-22 8.6E+08 1.3E-13 1.34 5.4E-21 1.7E+07 9.2E-14 0.95 

500 5.35E-23 2.2E+09 1.2E-13 1.2E-22 1.3E+09 1.6E-13 1.37 4.5E-21 2.6E+07 1.1E-13 0.94 

*1= k1,ov.(G4)/ k1,ov.(XPOL) and 2= k1,ov.(G3)/ k1,ov.(XPOL) 

As seen in  Figure 3, the calculated values of  𝑘1,𝑜𝑣.(𝑇) using G3 unadjusted parameters, in 

contrast, show a strong curvature in the Arrhenius behavior highlighting the importance of 

quantum tunneling and hence the kinetic relevance of the pre-reaction complex. At 200 K, the G3 

calculated rate coefficient is ~14.4 times larger than that obtained from G4 or CCSD(T)/cc-

pV(D,T)// MP2/aug-cc-pVDZ parameters, whereas the value of the G3 rate coefficient is roughly 

a factor of 2 larger than the G4 value at 300 K. Additionally, inclusion of the pre-reaction (RC) 

complex, that is using Eq. 3, yielded G3 rate coefficients that are ~3 times larger than those 

obtained from a one-step reaction (Eq. 4) around 200 K. Note that these comparisons are for the 

rate coefficients obtained with the unadjusted barrier heights. The differences in the calculated 

values of the rate coefficients with the unadjusted barrier heights may indicate the importance of 

quantum tunneling at low temperatures. One can understand these differences by analyzing the 

parameters from various levels of theory. Rate coefficients with  adjusted barriers heights are 

compared in   

Table 3. 
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Geometry optimization at various levels of theory yields large variation in the imaginary frequency 

(𝜈‡). For example, G3 predicts quite a large value of 𝜈‡ (1579 cm-1) for TSmethyl-abs characterizing 

this transition state to be tight with a large curvature whereas the imaginary frequencies are 353, 

482, 843 and 527 cm-1 corresponding to the G4, CBS-QB3, CCSD(T)/cc-pV(D,T)//MP2/aug-cc-

pVDZ and CCSD(T)/cc-pV(D,T)//B3LYP/cc-pVTZ levels of theory, respectively. If one 

incorporates G3 parameters to calculate the Eckart barrier width (L), a rather small value of 0.125Å 

is obtained, whereas L is predicted to be quite large at other levels of theory (e.g., 0.497 and 0.315 

Å at the G4 and CCSD(T)/cc-pV(D,T)//B3LYP/cc-pVTZ levels of theory, respectively). The 

Eckart barrier width L  is calculated using Eq. 5 and Eq. 6.  

 

𝐿

2𝜋
= √−

2

𝐹‡
[

1

√𝐸𝑓

+
1

√𝐸𝑏

]

−1

 

 
        Eq. 5 

𝜈‡ =
1

2𝜋
√−

𝐹‡

𝜇
 

        Eq. 6 

 

Here, Ef  and Eb  are the forward and reverse barrier heights at 0 K, respectively, 𝐹‡  is the second 

derivative of the potential energy function evaluated at its maximum (force constant), 𝜈‡ is the 

imaginary frequency of the transition state, and 𝜇  is the reduced mass of the tunneling moiety. 

Due to the small width of the Eckart barrier, the G3 parameters induce a large quantum tunneling 

correction. An adjustment to lower the G3 barrier height of TSmethyl-abs  by 4 kJ/mol yielded values 

of 𝑘1,𝑜𝑣.(𝑇) that are close to, but show a different trend from, that observed in the experimental 

data. The temperature dependence of the predicted rate coefficients is severely curved. Unlike the 

rate coefficients obtained from the G4, CCSD(T)/cc-pV(D,T)//MP2/aug-cc-pVDZ and 

CCSD(T)/cc-pV(D,T)//B3LYP/cc-pVTZ  levels of theory, G3 values are found to be too high 
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around 200 K, and they are consistently lower than the experimental data for a given temperature. 

This observation leads us to conclude that the G3 parameters overestimate the quantum tunneling 

correction by incorrectly highlighting the significance of the pre-reaction complex for kinetic 

analysis of the toluene + Br reaction.    

 

 

4.  Conclusions 

 

The kinetics of the reaction of Br atoms with toluene were investigated by employing statistical 

rate theory and quantum chemical calculations at different levels of theory. Several reaction 

pathways were found in the potential energy surface of the Br + toluene reaction. The following 

conclusions are drawn:  

1. Only the hydrogen abstraction reaction by Br atoms at the methyl site of toluene is 

important. Like the Br + ethers reactions, this reaction proceeds via the formation of 

complexes at both the entrance and exit channels in an overall endothermic process. Other 

channels (e.g., ring hydrogen abstraction and Br-substitution reactions) are energetically 

very demanding, so these channels are kinetically irrelevant for the Br + toluene reaction. 

2. The CBS-QB3 level of theory is not appropriate to quantitively describe the energetic 

picture of the toluene + Br reaction. This may be the case for other similar systems like the 

reactions of other aromatics with Br. Within chemical accuracy, the energy profiles 

obtained at the G3 and G4 levels of theory are very comparable with that obtained from 

the CCSD(T)/CBS level of theory. The G3 and G4 values of the standard enthalpy of 

reaction agree excellently with that obtained from Ruscic’s Active Thermochemical 

Tables. Combination of the G4/CBS-APNO/G3 trio methods yields formation enthalpies 

of the radicals that agree excellently with the ATcT database and the isodesmic reaction 
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scheme. We conclude that the G3 and G4 composite methods may also provide a 

quantitative picture for the kinetics and thermochemistry of the reactions of Br atoms with 

aromatics. 

3. Unlike other levels of theory used here, the G3 level of theory predicts quite a large value 

of the imaginary frequency. This led to a severe curvature in the Arrhenius behavior of the 

Br + toluene reaction revealing a large quantum tunneling correction at low temperatures. 

However, this is somewhat contrasting to the trend shown by the experimental data. 

Therefore, we conclude that the G3 parameters overpredict the quantum tunneling 

correction at low temperatures. 

4. A small adjustment of ~2 kJ/mol in the barrier height of TSmethyl-abs obtained at the 

CCSD(T)/cc-pV(D,T)//MP2/aug-cc-pVDZ level of theory yielded rate coefficients that are 

in excellent agreement the experimental data. As for CCSD(T)/cc-pV(D,T)//B3LYP/cc-

pVTZ energetics, the barrier height needs to be raised by 3 kJ/mol to match the 

experimental results. By lowering the barrier height by ~4 kJ/mole, the G4 parameters 

yielded rate coefficients that also matched the experimental values excellently. With 

similar adjustment, the G3 rate coefficients also showed a nice agreement with experiment. 

However, the G3 values yielded a severely curved Arrhenius plot by overly correcting the 

quantum tunneling at the low temperature end.   

5. The life-time of the pre-reaciton complex (RC) appears too short above room temperatures. 

Therefore, both the single-step and complex forming mechanisms yield identical rate 

coefficients. Albeit the Br + toluene reaction system would like a one-step process, the pre-

reaction complex exists, and it may play a role at extremely cold temperatures.    
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